We present an overview of the oceanic chemistries of the bioactive trace metals, Mn, Fe, Co, Ni, Cu, and Zn; we combine field data with results from laboratory phytoplankton culture-trace metal studies and speculate on the potential influences of these trace metals on oceanic plankton production and species composition. Most field studies have focused on the effects of single metals. However, we propose that synergistic and antagonistic interactions between multiple trace metals could be very important in the oceans. Trace metal antagonisms that may prove particularly important are those between Cu and the potential biolimiting metals Fe, Mn, and Zn. These antagonistic interactions could have the greatest influence on biological productivity in areas of the open ocean isolated from terrestrial inputs, such as the remote high nutrient regions of the Pacific and Antarctic Oceans. The emerging picture of trace metal-biota interactions in these oceanic areas is one in which biology strongly influences distribution and chemical speciation of all these bioactive trace metals. It also seems likely that many of these bioactive trace metals and their speciation may influence levels of primary productivity, species composition, and trophic structure. Future investigations should give more complete consideration to the interactive effects of biologically important trace metals.
Biological processes can strongly influence the oceanic chemistries of trace metals, and, in turn, trace metals can influence plankton production and community structure. These interactive influences are particularly important for six metals of the first transition series which are required by phytoplankton for various metabolic functions: Mn, Fe, Co, Ni, Cu, and Zn. A deficiency of these "bioactive" trace metals may limit oceanic plankton production (Brand et al. 198 3) , and an excess of certain of these same metals may inhibit plankton growth (Brand et al. 1986; Sunda 1988 Sunda -1989 .
Our knowledge of the oceanic concentrations, distributions, and cycles of trace metals has advanced significantly (see Bruland 1983; Whitfield and Turner 1987) . We now know the bioactive trace metals exist at nanomolar (1 Om9 M) to picomolar ( lo-l2 M) concentrations in oceanic waters. In addition, marine chemists have recently advanced their ability to characterize the chemical speciation of these bioactive trace metals in the sea; that is, we can now determine their free ion concentrations and the extent to which certain trace metals interact with organic and inorganic ligands naturally present in oceanic surface waters. Results from laboratory studies on the relationship between dissolved trace metal concentrations and phytoplankton growth have emphasized the importance of the chemical speciation of trace metals in the external milieu of these organisms (Huntsman and Sunda 1980; Morel and MorelLaurens 1983; Sunda 1988 Sunda -1989 .
As a result of these advances, we now realize that the concentrations of the bioactive metals are much lower and that chemical speciation plays a more important role in their oceanic chemistry than previously recognized. Laboratory studies of phytoplankton-trace metal interactions, interpreted in the context of this view of oceanic trace metal chemistry, have provided the framework for speculative hypotheses concerning the role of trace metals in limiting plankton production and influencing plankton species composition in the ocean. Morel and Hudson (1985) attempted to weave a general picture of oceanic trace element biogeochemistry by combining the results of field measurements of trace metal concentrations in oceanic waters with information from laboratory studies of metal uptake by algae and teleological reasoning. They hypothesized that a combination of macronutrients and trace metals, some of which are essential and others of which are toxic, may be simultaneously controlling biological production in the oceans.
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Morel and Hudson also suggested that the open oceans provide convenient model systems in which to study the interactive roles of trace metals and biota; trace metal biogeochemistry in these regions is dominated by biological processes, due to isolation of the open ocean from allochthonous sources. However, except for recent studies on the limitation of plankton productivity by Fe (Martin and Fitzwater 1988; Martin and Gordon 1988; Martin et al. 1989 Martin et al. , 1990 , field data to test these and other hypotheses are lacking.
In this paper, we present an overview of the oceanic chemistries of the bioactive trace metals and their potential influences on oceanic plankton production and (or) species composition. We argue for the importance of broad-scale investigations of the influences of a combination of metals with potential synergistic and antagonistic interactions, rather than focusing solely on the influence of one metal. The role of trace metals in influencing biological communities in the open ocean remains speculative, but we predict that this research area is on the verge of substantial advances.
Historical perspective
During the past 15 yr, understanding of trace metal-biota interactions, including assimilation and biological limitation and toxicity, has advanced substantially.
Laboratory experiments have examined phytoplankton culture responses to trace metals with well characterized, commercially available, synthetic chelators like EDTA, NTA, Tris, and DTPA as trace metal ion buffers to control concentrations of free metal ions. Results demonstrate that availability of the critical nutrient metals Fe, Mn, and Zn and toxicity of Cu and Cd to phytoplankton are related to the free metal ion concentrations of these metals, not simply their total concentrations (Sunda 1988 (Sunda -1989 . Thus, both the forms of trace metals in seawater and their concentrations are important in considering trace metal-plankton interactions. To support the maximum level of primary production possible under ambient light and major nutrient conditions extant in surface seawater requires that the concentration of each free bioactive metal ion remain between limiting and toxic levels, Over the range of their free ion concentrations in seawater, some trace metal micronutrients such as Cu may be both biolimiting and toxic. Even as our understanding of trace metal assimilation and toxicity-biolimitation has advanced, our ability to accurately determine trace metal concentrations, and thus, our knowledge of the oceanic chemistries of these elements, has undergone a revolution. Technological advances have allowed marine chemists to develop and apply new, highly sensitive analytical techniques. In addition, we have gained appreciation for the importance of using clean techniques in seawater sample collection, processing, and analysis. With these techniques in hand, we have obtained systematic concentration measurements of the bioactive trace metals in the sea that are consistent with our understanding of oceanographic processes. As a result, three important observations with relevance to biological processes have emerged.
First, the concentrations of many of the bioactive trace metals, including Mn, Fe, Co, Ni, Cu, and Zn, are often orders of magnitude lower than previously thought ([Mn]: Bender et al. 1977; Klinkhammer and Bender 1980; Landing and Bruland 1980; Martin and Knauer 1980. [Fe] : Landing and Bruland 1987; Martin and Gordon 1988. [Co] : Knauer et al. 1982 . [Nil: Sclater et al. 1976 Bruland 1980. [Cu] : Boyle and Edmond 1975; Boyle et al. 1977; Bruland 1980. [Zn] : Bruland et al. 1978; Bruland 1980) . Determinations of thlese extremely low concentrations of the bioactivc trace metals, particularly in oceanic surface waters, have prompted a reevaluation of their role with respect to phytoplankton productivity.
Second, dramatic horizontal gradients in trace metal concentrations can exist in transects from oceanic to coastal waters. For example, Martin and Gordon (198 8) measured a 300-fold increase in surface water total [Fe] (dissolved -t leachable + refractory) on an offshore-inshore Pacific transect from a station in the California CurrentNorth Pacific central gyre transition waters (0.3 nM) to the California coast (N 100 nM).
In the Atlantic, Symes and Kester (1985) measured a loo-fold increase in total [Fe] from offshore waters (-3 nM) to inshore waters (-300 nM) on a 160-km transect across the U.S. Atlantic continental shelf and into the apex of the New York Bight. Landing and Bruland ( 19 8 7) measured a 1 Ofold increase in [Mn] in surface waters from offshore Pacific to the coastal California Current: North Pacific central gyre concentrations were -1 nM, while those in the California Current were -10 nM. Bruland and Franks (1983) measured a 40-fold increase in Atlantic surface water [Zn] from the Sargasso Sea (0.06 nM) to the U.S. east coast continental shelf (-2.4 nM).
The oceanic-neritic trends in the concentrations of these bioactive metals have special significance to trace metal-biota interactions. Brand et al. (1983) examined the reproductive rates of 21 species of oceanic and neritic phytoplankton in media in which the free Fe 3+, Mn*+, and Zn*+ concentrations were buffered at different levels with EDTA. They observed habitat-related patterns in the Fe, Mn, and Zn requirements of the oceanic and neritic species that were consistent with the oceanic-neritic distributions of these metals. In general, oceanic phytoplankton species (which live in an environment having much lower metal concentrations) tolerated much lower free Fe3+, Mn*+ and Zn*+ concentrations before showing reduced reproductive rates.
Third, dramatic vertical gradients in trace metal concentrations often exist, some of which mimic vertical profiles of nutrient concentrations. For example, [Zn] in North Pacific deep waters (-9 nM) are enriched bY -loo-fold compared to surface water concentrations (-0.1 nM). In addition, the vertical distribution in [Zn] correlates closely with that of the major nutrient, silicic acid (Bruland et al. 1978; Bruland 1980) . Although our knowledge of the oceanic chemistry of these bioactive trace metals has advanced dramatically by virtue of improved total concentration data, knowledge of total concentrations alone is insufficient for understanding trace metal-biota interactions. Trace metals dissolved in seawater can exist in different forms: free hydrated ions, inorganic complexes, and organic complexes. Knowledge of the concentrations of the various forms is extremely important because the different forms enter into very different biological and geochemical interactions. Marine chemists have recently advanced their analytical abilities by developing extremely sensitive and selective techniques to determine the chemical speciation of trace metals in oceanic waters. Determinations of trace metal speciation require scrupulous cleanliness, as well as extremely sensitive analytical techniques, because fractions of the total concentration are measured. The inorganic speciation of the metals in seawater was summarized by Turner et al. (198 1) and Byrne et al. (1988) . Due to the lack of reliable information available at the time, these summaries could not include discussions of the organic speciation of trace metals (i.e. trace metals complexed with natural organic ligands in the oceans).
The organically complexed fraction of certain trace metals in oceanic surface waters has been reliably estimated only recently. This fraction appears to dominate the dissolved speciation of Cu and Zn in oceanic surface water and is, therefore, of utmost importance in calculating the free ion concentrations of these two bioactive metals (Cu: Sunda and Ferguson 1983; van den Berg 1984; Sunda and Hanson 1987;  Moffett and Zika 1987a; Coale and Moffett et al. 1990 . Zn: van den Berg 1985 Bruland 1989; Donat and Bruland 1990) . The present status of our knowledge of trace metal complexation and speciation (at least for Cu and Zn) in seawater markedly contrasts with its previous status as summarized almost a decade ago by Morel (1983, p. 237 Recent results for Cu and Zn demonstrate that marine chemists have begun to meet the "challenge" and "objective" described by Morel. We now know that the chemical speciation of these two trace metals is largely dominated by organic complexation, although the biochemical nature of the complexing ligands remains unknown.
C.'opper-Total dissolved [Cu] in the central North Pacific increases nearly linearly from 0.5 nM at the surface to -1.5 nM at 5001 m and -5 nM at 4,000 m (Bruland 198'0) . The linear increase with depth is a departure from the characteristic nutrienttype profiles shown by Zn and Cd, and results from in situ scavenging in deep waters superimposed on nutrient-type assimilation and regeneration behavior.
Anodic stripping voltametry measurements reported by Coale and Bruland ( 198 8, 1990) indicate that ~99.7% of total dissolved Cu(I1) in central northeast Pacific surjface waters (the upper 100 m) is bound in strong organic complexes, primarily by the stronger (L,) of two Cu-complexing ligands (or classes of ligands). The concentration of L1 averages -1.8 nM in the upper 100 m (Fig. 1 A) and exceeds the concentration of dissolved Cu from the surface down to -200 m. The excess in the concentration of L1 relative to that of total dissolved Cu, and the strength of its Cu complexes, causes the high degree of organic complexation observed in the upper 200 m (Fig. 1 B) . Organic complexation reduces the fraction of inorganic Cu species to < 0.3% of the total dissolved Cu, and free hydrated Cu*+ amounts to only -4% of this inorganic fraction. Whiereas total dissolved [Cu] increases about threefold from the surface to middepths, complexation of Cu by strong organic ligands causes the free [Cu2+] to vary from --t Coale and Bruland 1990.) < 10-13.1 M (80 fM) at the surface to -1 O-9.9 M at 300 m (Fig. 1 C) Cu-complexing ligands are provided by field data showing that organic complexation of Cu is generally highest near the productivity maximum and decreases by l-3 orders of magnitude with depth below the vernal mixed layer in both the central northeast Pacific (Coale and Bruland 1988,199O) and in the Sargasso Sea (Moffett et al. 1990) . Moffett et al. (1990) provided the first direct laboratory evidence for production of a strong Cu-binding ligand by a marine photoautotroph.
This ligand has a Cu-complexing strength identical to that of the stronger ligand, L1, that they observed in the Sargasso Sea and identical to the stronger ligand measured by Coale and Bruland (1990) in the North Pacific.
The laboratory results Moffett et al. obtained from a limited survey of four marine phytoplankton species (three eucaryotes and one procaryote) indicated that only the cyanobacterial genus Synechococcus produced a chelator forming Cu complexes of the same strength as those observed in the Sargasso Sea. Synechococcus seems to be widespread in the open ocean (Waterbury et al. 1979) and can account for up to 50% of primary productivity in some regions (Glover et al. 1986; Iturriaga and Marra 1988) , so it appears that this genus could have a major impact on Cu speciation in many oceanic regions. These observations are consistent with earlier work in freshwater systems by McKnight and Morel (1979) , who reported that among freshwater phytoplankton taxa, only cyanobacteria seem to produce strong Cu-binding organic ligands.
If cyanobacteria in the open ocean produce a strong Cu-complexing ligand like L, , it may reflect strong selective pressure to detoxify Cu by lowering its free ion concentration. Evidence for this strong selective pressure includes the work of Brand et al. (1986) Brand et al. 1986.) among the various species showed a phylogenetic trend: cyanobacteria were the most sensitive, diatoms the least, and coccolithophores and dinoflagellates showed intermediate sensitivity. The reproduction rates of most of the cyanobacteria were reduced at free [Cu*+] > lo-I1 M, while most eucaryotic algae maintained maximum reproduction rates at free [Cu*+] as high as 1 O-lo M (Fig. 2) munity, and enough evidence exists to suggest that Cu may influence picoplankton (cyanobacteria) production in areas of high nutrients and low chlorophyll.
The Cu sensitivity of the procaryotic cyanobacteria may be related to the oceanic conditions existing when they first evolved and developed their biochemical systems more than 2 billion years ago (Brand et al. 1986) . At that time, earth's surface was under reducing conditions and Cu concentrations were extremely low due to the insolubility of its sulfides. Eucaryotes evolved after the surface of the earth became oxygenated and seawater Cu concentrations increased. Thus, eucaryotes would be expected to have evolved biochemical systems more resistant to Cu toxicity.
A model depicting the Cu cycle in the surface photic zone that considers the organic complexation and the biological interactions discussed above is shown in Fig.  3 . It emphasizes the role of the strong Cucomplexing ligand, L1, which is hypothesized to derive from phytoplankton, particularly the cyanobacteria. Potentially, Cu(I1) can be photochemically reduced to Cu(1) with L, simultaneously oxidized via Cu catalysis (Moffett and Zika 1983), although the exact mechanism leading to light degradation of strong ligand and photoreduction of Cu(B) is not known. Moffett and Zika ( 198 3) presented evidence supporting this process: they measured low levels of Cu(I) in surface waters and also a vertical profile of L, suggestive of near-surface photochemical degradation. The importance of any microbial degradation of L, or the CuL, complex is uncertain. However, there is evidence that, in the surface photic zone over broad regions of the eastern North Pacific, L1 is maintained at concentrations just in excess of the total dissolved Cu, so that its Cu-complexes dominate the speciation of Cu (Coale and Bruland 1990) . Results from the few existing studies suggest that this class of rstrong Cu-complexing ligands is stable on a time scale of weeks under subdued light.
Zinc-Total dissolved [Zn] in the North Pacific central gyre increases from -0.1 nM at the surface to -8 nM at 1,500 m, and the shape of the Zn profile closely resembles that of silicic acid (Bruland 1980 ). The -lOO-fold increase in dissolved [Zn] between surface and deep waters is caused by involvement of Zn in the major internal biogeochemical cycles in the ocean.
Recent anodic stripping voltametry measurements in the North Pacific central gyre indicate that an average of 98.7% of the Zn in surface waters shallower than 200 m is complexed with a relatively Zn-specific organic ligand (or ligand class) present at a concentration of -1.2 nM (Bruland 1989) . The: concentration of this ligand is relatively uniform and exceeds the concentration of dissolved Zn from the surface down to -350 m (Fig. 4A ). This excess ligand concentration. relative to that of dissolved Zn, and the strength of its Zn complexes, causes the high degree of organic complexation in the upper 300 m (Fig. 4B ). The free [Zn*+] varies from values close to 1 O-l 1.8 M at depths shallower than 200 m to -10-*e6 M at 600 m ( Fig.  4C ) -an increase of -1,400-fold! Because dissolved [Zn] in oceanic surface waters is only -0.1 nM, the high degree of organic complexation reduces the concentration of inorganic Zn species to -2 pM and the free [Zn*+] to values as low as 1 pM. The domination of dissolved Zn speciation by organic complexes may suggest a biological influence, as discussed above for Cu. However, the biological advantage to be gained by organic complexation of an essen tial and potentially biolimiting element such! as Zn is not readily apparent. Bruland ( 1989) speculated that perhaps organic complexation may help keep Zn in solution, as olpposed to being adsorbed onto particle s&-faces if it was not so complexed. Another speculation is that some phytoplankton may be able to assimilate organically complexed Zn to the exclusion of other phytoplankton, in a manner analogous to the siderophoremediated Fe uptake systems which are well documented for many microbes (Neilands 198 1). However, the conservative vertical distribution of the Zn-complexing ligand implies that it is relatively stable and longlived, which argues against this hypothesis.
A third possibility is that complexation first occurs inside a cell with intracellular ligands such as phytochelatins, which are cytoplasmic heavy metal detoxifying chelators found in higher plants and at least some algae (Grill et al. 1985 (Grill et al. , 1987 Gekeler et al. 1988 ). Such intracellular chelators may then be released through phytoplankton DOC leakage and (or) zooplankton grazing. However, phytochelatins are sulfhydryl chelators, and as such would be relatively unstable to oxidation, which again is inconsistent with the conservative distribution of the ligand.
The following study provides an illustration of the potential effect of free [Zn"+] of -1 pM on phytoplankton reproduction. Brand et al. (1983) examined the limitation of marine phytoplankton reproductive rates by Zn, Mn, and Fe and suggested that differences among species in their abilities to reproduce in the presence of low free ion concentrations of these nutrient trace metals could result in species shifts in phytoplankton communities subjected to changes in trace metal or organic complexation regimes. For example, the reproductive rates of neritic species were generally limited by free [Zn'+] below 1 O-11.5 M, while those of oceanic species were either not limited or only slightly limited at the lowest [Zn"+] set in the experiment, -10-12.5 M (Fig. 5) .
The habitat-related patterns in Zn2+ requirements of oceanic and neritic phytoplankton species mirror the oceanic-neritic distributions of free [Zn'+] (Bruland 1989 Brand et al. 1983.) may be low enough to potentially limit the growth rate of many neritic phytoplankton species, but generally not that of oceanic species. However, intense upwelling could bring water into the surface layer whose free Zn2+ concentration would be high enough to support reproduction of more neritic-type species. Thus, the similarity between the nutritional requirement for Zn and its distributional patterns may have, like Cu, important implications for phytoplankton community species composition and species succession.
Although the actual biochemical natures of the Cu-and Zn-complexing organic ligands are still unknown, the data presented above demonstrate the paramount importance of complexation of trace metals with these organic ligands which exist at low concentrations but form very strong complexes. The recent accumulation of evidence for the complexation of trace metals by naturally occurring organic ligands in the sea is a revolutionary advance over the situation described by Morel (1983, p.272) Partlv on the basis of the known beneficial effects of these strong chelating agents (e.g., NTA and EDTA) for the growth of aquatic microorganisms (which should synthesize what is good for them according to "teleo-biological" dogma), aquatic chemists have sailed the waters of the world searching for natural analogs of the man-made chelators. These modern arnonauts have been largely frustrated on the diluting high seas, and it is principally in laboratory beakers and culture vessels that natural organic chelators have been found so far.
Complexation
of Cu and Zn by natural organic ligands is most pronounced in the surEace euphotic zone where primary production occurs. However, this statement is not meant to imply that phytoplankton are the sole sources of metal complexing ligands -biological production in general (by bacteria, protozoans, etc.) often parallels primary production. There is evidence that some marine bacteria (Schreiber et al. 1990) and marine fungi (Sunda and Gessner 1989) also produce ligands that strongly complex Cu, although the relative importance of these groups in afl?ecting Cu speciation in the open ocean is as yet unknown.
The idea that complexation of trace metals by natural organic ligands may influence primary production is not new. Johnston (1963 Johnston ( , 1964 proposed that certain organic compounds present in seawater in trace quantities may exert an important influence on primary production in marine communities. Barber and Ryther (1969, p. 197) suggested that
In recently upwelled water phytoplankton growth is initially limited not by inorganic nutrients, trace metals, nor vitamin deficiencies, but rather by thle absence of certain chelating substances. As thle upwelling water ages, the organisms apparently gradually enrich the water with organic compounds some of which may be effective chelators.
They proposed that these chelators might be effective at reducing the toxic free [Cu2+] thought to exist in freshly upwelled waters to nontoxic levels. However, these suggestions and hypotheses have yet to be adequately tested in the field.
Cu and Zn have been discussed in some detail because more is known about their dissolved speciation from field data and about their biological interactions from laboratory data. These two trace metals provid.e the best examples of the importance of organic complexation to trace metal-biota interactions. A brief overview of the other bioactive trace metals follows. (Bruland et al. unpubl.) , Al (Orians and Bruland 1986) , and Fe (Bruland et al. unpubl.) in the North Pacific central gyre and from Station P in the subarctic Pacific (Martin et al. 1989 ).
organic ligands and exists mainly as free during summer stratified conditions and had hydrated Mn2+. As yet, there is no evidence a mixed-layer depth of 25 m. The profile for any complexation of Mn with dissolved shows a surface dissolved Mn maximum of organic ligands. Calculations for oxygenat-1 nM, evidence of an atmospheric input to ed seawater based on the redox couple be-the surface layer. The elevated levels of distween MnOZcsj or MnOOH,, and Mn2' sug-solved [Mn] maintained throughout the gest that the equilibrium concentration of photic zone are consistent with the Mn cycle dissolved Mn should be -K 1 nM, possibly of Huntsman (1988, 1990) . A < 1 pM, depending on the oxide mineral minimum in dissolved Mn (0.2-0.3 nM) ocphase with which it is in equilibrium.
The curs at depths of 300-400 m. In remote oceobserved values for dissolved Mn in open anic regimes with high nutrients and low ocean waters are normally between 0.1 and atmospheric input such as the equatorial 3 nM (Landing and Bruland 1987; Pacific and the Antarctic, upwelling and (or) and Gordon 1988; Martin et al. 1989 ). These deep vertical mixing can bring low dishigher-than-expected concentrations of dis-solved [Mn] to the surface. Without an adsolved Mn are partially maintained by the equate external supply from the atmosphere relatively slow oxidation kinetics of Mn2+ or from horizontal mixing, Mn could powhich can keep Mn from attaining "true" tentially limit oceanic productivity in these equilibrium concentrations. regions ). In oceanic surface waters, dissolved [Mn] appears to be maintained by photochemical reduction processes and photoinhibition of microbial oxidation of Mn2+ (Sunda and Huntsman 1988) . Sunda and Huntsman (1990) have pieced together a fascinating story of diel Mn cycling within the surface photic zone, which includes nightly removal of dissolved Mn2+ by manganese-oxidizing bacteria and daily regeneration resulting from photoreduction processes and photoinhibition of the Mn-oxidizing bacteria. A typical dissolved Mn profile from a station in the North Pacific central gyre is presented in Fig. 6A . This station was sampled Iron -Fe is perhaps the most important of all the bioactive trace metals. However, its oceanic chemistry and inorganic speciation are the most complex and are still not adequately understood.
Fe3+ is strongly hydrolyzed in seawater resulting in a very high ratio of dissolved hydrolysis species to free ferric ions (Fe3+) in surface seawater. Turner et al. (198 ] with an inorganic side-reaction coefficient of 10' log8). It is potential differences in reactivity and behavior of hydrolysis species such as Fe(OH),+ and Fe(OH),O which necessitates a better understanding of the inorganic speciation of Fe in seawater.
The hydrolysis chemistry of Fe also results in a major problem with respect to the solubility of Fe in surface seawater; estimates vary widely and depend on the filter pore size used to isolate "dissolved" Fe. Zhuang et al. (1990) found the "saturated concentration"
of dissolved atmospheric Fe passing through a 0.4~pm filter to be 1 O-l 7 nM, while that passing through a 0.05-pm filter was 5-8 nM. Sunda (1988 Sunda ( -1989 gave a value for the solubility of truly dissolved Fe(III) of 1.5 nM at pH 8.2 and 20"-25"C, while Wells (1988 Wells ( -1989 , in a review of Fe chemistry, argued for a maximum solubility of 0.1 nM. The discrepancy in the different values is suggested to be due to the existence of colloidal Fe (Wells 1988 (Wells -1989 Rich and Mo:rel (1990) found no evidence of any direct uptake by phytoplankton.
Rather, they suggested that transfer of Fe from colloids to Iphytoplankton is probably kinetically limited by relatively slow photoreduction and thermal dissolution processes.
Another unresolved question with respect to Idissolved Fe is whether there is any complexation with organic ligands in oceanic waters. Recent reviews by Wells (198 8-1989) and Sunda (1988 Sunda ( -1989 pointed out that most researchers have either ignored this possibility or argued that Fe-organic complexes do not seem to be significant in the open ocean. Although siderophore complexes are probably important to Fe speciation in some freshwater systems, no convincing evidence for their existence in the oceans has been obtained. However, it is premature to rule out this possibility.
F'hotoreductive dissolution of Fe(III)-oxides and photoreduction of organically che1ate:d Fe(III) could enhance the biological availability of Fe. The very rapid reoxidation of Fe(II) by H202 (Moffett and Zika 1987b) or O2 (Miller0 et al. 1987) suggests that Fe2+ would probably not remain in solution long enough to become important in Fe uptake. However, these photoreductive dissolution processes can be very important in indirectly providing a steady supply of dissolved Fe(III) species for phytoplankton assimilation (Rich and Morel 1990) . The measurement of concentrations of Fe(II) and even Fe(III) in high-nutrient, open-ocean surface seawater where the total Fe concentration can be co.05 nM is extremely difficult .
A typical dissolved Fe profile from the North Pacific central gyre is presented in Fig. 6C . This vertical profile exhibits the influence of aeolian input, similar to that observed for Mn (Fig. 6A) and Al (Fig. 6B) . Surface mixed-layer concentrations are as high as 0.37 nM, but decrease sharply through the upper seasonal thermocline to a subsurface minimum of only 0.02-0.05 nM at depths of 7 5-100 m. These extremely low values are consistent with both the uptake of this required metal by phytoplankton and with the particle reactivity of Fe(III). Coale and Bruland (1987) showed that Th(IV), another strongly hydrolyzed metal having similar chemistry to Fe(III), was most intensely scavenged at subsurface depths between 60 and 100 m during this same time period at this station. The extremely low [Fe] in the subsurface stratified waters could be biolimiting, and could possibly play a role in vertically stratifying the biological community.
At depths below 100 m in the North Pacific central gyre, dissolved Fe exhibits a nutrient-type profile similar to that reported by Martin and Gordon ( 1988) in the eastern North Pacific. In these intermediate and deep waters, the dissolved Fe : N03-ratios observed can be misleading because they do not represent the ratio at which they were regenerated. Dissolved Fe and N03-have very different chemistries in the deep waters. N03-regenerated into intermediate or deep waters is chemically unreactive and eventually mixes back into the surface waters ready to be reassimilated. Fe, on the other hand, is a chemically reactive species that is scavenged from the deep sea on a time scale of 5: 100 yr. Thus, most of the Fe regenerated into the deep sea from oxidation of the biogenic organic flux is probably rescavenged and efficiently removed to the sediments rather than mixed back into the surface as part of an internal biogeochemical cycle.
In remote regions of the oceans, the difference between phytoplankton Fe requirements and Fe supplied by vertical mixing can be contributed only by aeolian input. According to Duce (1986) , >95% of the Fe supply to oceanic surface waters comes from the atmosphere. In remote oceanic areas of intense upwelling or vertical mixing such as the equatorial Pacific, subarctic Pacific, or the Antarctic, the supply of macronutrients such as N03-and P043-and the resultant Fe requirement can exceed the rate of supply of Fe by either vertical mixing or from atmospheric deposition. A vertical profile of dissolved Fe from the subarctic Pacific is presented in Fig. 6D to show the low dissolved [Fe] found throughout the surface photic zone in this regime. It is in these nutrient-rich, open-ocean regimes having low atmospheric Fe inputs that Fe is suggested to be a biolimiting nutrient (Martin and Fitzwater 1988; Martin and Gordon 1988; Martin et al. 1989 Martin et al. , 1990 .
Although the mechanisms and rates of Fe cycling in surface waters of remote regions of the oceans are still speculative, insight can be gained by analogy from the results of recent laboratory culture studies in which free Fe3+ or Fe' concentrations have been set using EDTA to buffer trace metal ions . Figure 7A depicts the Fe cycle in Hudson and Morel's (1990) seawater culture which contained 10 PM of EDTA, enough to strongly complex the 10 nM of dissolved Fe they added. Fe' was supplied predominantly by photochemical reduction and dissociation of the Fe-EDTA complex. The Fe(II) produced was oxidized in a matter of minutes to Fe(III). Fe', which was maintained at a concentration of 0.08 nM, was then either assimilated by cells in the culture or reassociated as a new Fe-EDTA complex. Figure 7B depicts a hypothetical Fe cycle in a high-Fe system (e.g. a low-nutrient stratified regime under the influence of high atmospheric dust inputs). In such a system, total [Fe] could exceed 10 nM and therefore the solubility of Fe(III). Fe could enter the system either as particulate Fe-oxyhydroxides or as dissolved Fe(II) in rainwater (Duce and Tindale 199 l), which would be rapidly oxidized in surface seawater to Fe(III). If [Fe'] exceeded its solubility, Fe(OH), precipitates would form which would slowly age to more stable particulate phases (FeOOH, Fe,O,, or both). Waite and Morel (1984) and Rich and Morel (1990) have demonstrated the importance of photochemical reduction and solubilization of these particulate or colloidal forms of Fe as a major mechanism in maintaining a steady state concentration of Fe'. The Fe(II) will again be a short-lived intermediate. However, our ability to completely define this cycle is thwarted because we do not know the solubility of truly dissolved Fe' with respect to the particulate and (or) colloidal fraction, although, as mentioned previously, estimates range from 0.1 to 10 nM. There is no single correct solubility because fresh and aged precipitates have different intrinsic solubilities. * In contrast to a high-Fe system, a low-Fe system such as is found in high-nutrient, open-ocean regimes could have surface values of dissolved Fe of 0.05 nM or less (Fig.  6D) . These Fe concentrations are extremely low-less than the lower limit of 0.1 nM for hypothetical "truly dissolved" Fe with respect to colloid formation (Wells 198% 1989) . In a low-Fe system, particulate Fe would not form by solubility-based chemical precipitation.
However, Fe' would still be actively assimilated by the biota and passively scavenged by the surfaces of biogenic debris (similar to 234Th scavenging). Figure  7C depicts Fe cycling in such an Fe-deficient region. Fe associated with particulate organic material (POM) could be regenerated as the POM is decomposed and released as Fe' directly or possibly via an Fe(II) intermediate. Fe' could then be reassimilated by complexing with cell-surface transport sites or with a siderophore. However, as no direct evidence of siderophores in oceanic waters yet exists, this last step is speculative. In this system, recycled Fe can be reused numerous times as a limiting nutrient (analogous to NH,+) to fuel regenerated production.
Elucidation of the various mechanistic steps and quantification of the various rates in the Fe cycle within the photic zone of the open ocean is sorely needed. The episodic nature of aeolian deposition could cause surface waters of some areas to oscillate between high-and low-Fe states. We need to understand the field systems with the same fundamental level of detail (i.e. with respect to mechanisms and kinetics) that has recently been obtained for laboratory systems . As we become more aware of the intricacies of trace metal cycles and the low concentrations of the inorganic forms of these bioactive metals, quantifying the kinetics governing the transformation between these various forms becomes increasingly important.
Cobalt and Nickel-We now possess a basic knowledge of the oceanic distributions of total dissolved Co and Ni. Dissolved Co exists at concentrations of only 4-50 pM in the North Pacific (Martin and Gordon 1988; Martin et al. 1989) , suggesting a potential role for Co as a biolimiting element in seawater. Co is the central metal atom in the corrin ring core of vitamin B12 (cobalamin), and is one of the two metals for which uptake by phytoplankton is known to be enhanced via organic complexation; Fe, bound by siderophores, is the other metal. Vitamin B,2 is a required growth factor for many algal species, particularly some diatoms, chrysophytes, and dinoflagellates (Swift 1980) . Vitamin B12 auxotrophy has been suggested to play a role in seasonal phytoplankton species succession in the ocean (Swift 198 1) . Some phytoplankton have been observed to produce a glycoprotein that binds to vitamin B,2 making it unavailable to other species (Pitner and Altmeyer 1979) , supporting the idea that this form of organically complexed Co may be important in interspecies competitive interactions.
Dissolved Ni exhibits a nutrient-type distribution in the oceans and its concentration ranges from 2 to 12 nM (Sclater et al. 1976; Bruland 1980) . Price and Morel (199 1) have provided evidence indicating a potential biochemical role for Ni in urea assimilation by marine phytoplankton.
They observed that phytoplankton growing on urea as a sole source of N are limited by low free [Ni2+], but those growing on N03-or NH,+ are not. Ni is known to be an essential cofactor in the enzyme urease. Price and Morel's (199 1) results indicate that the concentration of dissolved Ni present in oceanic surface waters would not limit urea assimilation if all of the dissolved Ni was biologically available. However, if a substantial amount of the Ni present in oceanic surface waters is rendered unavailable by complexation with organic ligands, the resulting low free [Ni2+] could potentially limit urea assimilation. This may be important in areas in which production is supported largely through regeneration because urea is a common waste product of zooplankton.
Despite our understanding of distributions of open-ocean total dissolved Co and Ni, there is uncertainty regarding the importance of complexation of these metals with organic ligands in the open ocean. Only a few studies have measured organically complexed Co and Ni and determined the importance of complexation to speciation and only estuarine or coastal samples were analyzed. Zhang et al. (1990) determined that a variable fraction (45-100%; avg 73%) of dissolved Co was very strongly complexed in the Scheldt River estuary (Netherlands) and the Irish Sea. Donat and Bruland (1988) observed that coastal and open-ocean seawater reference materials (CASS-1 and NASS-1) that had been stored acidified, but had their pH adjusted back to natural levels before analysis, had -50% of their dissolved Co apparently bound in strong organic complexes. This Co was released upon UV oxidation of the sample.
van den Berg and Nimmo (1987) and Nimmo et al. (1989) found that 30-50% of dissolved Ni in U.K. coastal waters was bound in extremely strong organic complexes. These measurements of organic complexation for Co and Ni have yet to be confirmed by other investigators using different analytical techniques, as has been done for Cu and Zn for which we have more assurance of the important role of organic complexation in oceanic surface waters. In addition, data on Ni and Co complexation from open-ocean regimes are lacking.
We have individually addressed the oceanic chemistries of the bioactive trace metals and their potential interactions with plankton productivity and species composition. An additional aspect of the interaction between trace metals and plankton growth is the chemical interaction of metals with various biomolecules on the surface and within cells. The details of this interaction are beyond the scope of this paper. Recent reviews of aspects of this topic have been prepared by Sunda (1988 Sunda ( -1989 and Morel et al. (199 1) . Next, we examine the general requirements of plankton for the bioactive trace metals by taking a Redfieldtype approach and looking at the average cornposition of oceanic plankton. We then examine potential antagonistic effects of the bio'active trace metals, particularly with respect to their observed free metal ion concentrations in oligotrophic central gyres and high-nutrient, oceanic regimes.
RedJield ratios
Although the external inputs of various trace metals and nutrients to the oceans are do:minated by physical and geochemical processes, the internal cycles of many of these elements appear to be driven largely by biochemical processes, namely photosynthesis. In general, organisms assimilate the major nutrient elements in the Redfield ratio of C:N:P = 106 : 16 : 1. The remains ofthese organisms release C, N, and P back into solution at a similar ratio as this sinking biogenic material is heterotrophically oxidized and remineralized, leading to the covariance of dissolved P043-and N03-distributions in the oceans.
The bioactive trace metals are actively assimilated or passively adsorbed (C'scavenged") onto reactive surface sites of plankton or other biogenic particles and transported vertically out of the surface layers with the sinking of these particles. Interelement fractionation both during uptake and during recycling or remineralization can result in transport selectivity. Additional subsequent scavenging of particle-reactive trace metals can occur after they are remineralized in intermediate and deep waters. Thus, the parti.cle-reactive or oxidatively scavenged metals that have relatively short deepwater residence times on the order of 5 100 yr, particularly Fe, Mn, and Co, tend to be stripped from subsurface waters relative to a regenerated major nutrient such as N03-. This process is of lesser importance for Cu, which has a deep-water residence time of -0 l,OOO-2,000 yr with respect to particle scavenging, and not very important for Zn or Ni which have even longer mean oceanic residence times and distributions governed by internal biogeochemical cycles (Bruland 1983) .
The bioactive trace metal composition of oceanic plankton can be examined for Redfield-type ratios. Table 1 presents average values from subsets of data considered to represent natural oceanic assemblages of "pure plankton," which were not markedly biased by the presence of alumino-silicate mineral phases (data selected from Martin and Knauer 1973; Martin et al. 1976 ; Collier and Edmond 19 83), and include both internal cellular metals and those adsorbed onto surface sites. All the data sets exhibited remarkable consistency for Fe and Mn, while the diatom sample (Martin and Knauer 1973) was lower for Zn, Cu, Ni, and Cd than the mixed assemblages (Martin et al. 1976; Collier and Edmond 1983) . It should be noted that only the diatom sample of Martin and Knauer ( 19 7 3) represents a true phytoplankton sample as it was collected under "bloom" conditions. The others are collections from more oligotrophic waters and represent assemblages of mixed planktonlikely biased somewhat by larger zooplankton.
Elemental ratios of metal : P and metal : C for the Martin et al. (1976) and Martin and Knauer (1973) data are presented in Table 2 . Although there are unlikely to be true Redfield ratios for the micronutrient metals as there are for N, P, and C, these elemental ratios yield an approximate, Redfield-type elemental composition of plankton organic tissue of C : N : P : Fe : Zn : Cu,Mn,Ni,Cd = 106 : 16 : 1: 0.005 : 0.002 : 0.0004.
The concentrations of Fe, Mn, and Zn in these natural phytoplankton samples seem to be below or near their respective thresh- Table 2 . Metal : P and metal : C ratios of plankton. Martin et al. 1976 Martin old values for optimal growth, as determined in laboratory studies on neritic phytoplankton and presented by Morel and Hudson ( 198 5) . Therefore, it is possible that insufficient concentrations of these three nutrient trace metals may limit oceanic plankton production, particularly in oceanic upwelling regions having high nutrient supply, yet lacking adequate external sources of these essential bioactive trace metals. The Fe : NO,-ratio of deep waters in the Pacific is not sufficient to support these Redfieldtype ratios of phytoplankton.
Fe and Mn in these natural plankton samples are below approximate metal deficiency thresholds for laboratory-grown neritic phytoplankton (table 12.2, Morel and Hudson 1985) . The Zn in diatoms (Martin and Knauer 1973 ) equals the threshold value.
However, as noted above, Morel and Hudson's data were based largely on experiments with neritic species. Neritic phytoplankton are most commonly used for such laboratory studies because fewer oceanic clonal cultures are available in culture collections (due to extreme difficulty in culturing them) and because neritic species are easier to grow in the lab. Therefore, fewer oceanic species have been examined and less is known about their cellular quotas of bioactive trace metals. New data from Sunda et al. (199 l) , comparing Fe requirements of a coastal and an oceanic Thalassiosira species, suggest that these earlier studies with mostly neritic species may have overestimated the cellular Fe quota of oceanic species. Evidence from calculations by Raven ( 1988) and a limited amount of fieldwork by Price et al. (in press) suggests that the Fe requirements of phytoplankton may reflect the source of N on which they are growing-NO,--supported growth requires considerably more Fe than NH,+-supported growth. However, we will not have a comprehensive picture of the trace metal requirements of oceanic species under varied growth conditions until more studies with truly oceanic clones of a variety of taxa have been carried out.
Martin and coworkers have used the limiting element approach to argue that Fe deficiency is a major factor leading to highnutrient, low-chlorophyll regions in the Southern Ocean, the equatorial Pacific, and the subarctic Pacific. They calculate that the organic-C equivalents that could be supported by the N03-and P043-inputs in these regions are much greater than the organic-C equivalents supported by the Fe input to surface waters. As mentioned above, this argument is strongly dependent on the values chosen for the cellular Fe quotas for an appropriate range of oceanic phytoplankton, which are lacking at this time.
Trace metal antagonisms
Most field studies of the interactions between phytoplankton and trace metals have focused on the effects of a single metal. Ripling (19 10) inadvertantly dramatized the view of the singular importance of a particular metal
Gold is for the mistressSilver for the maidCopper for the craftsman cunning at his trade! "Good!" said the Baron sitting in his hall; "But iron -cold ironis master of them all."
Most field investigations, perhaps just as inadvertently following this philosophy, have largely ignored the effects of metal ion ratios on algal growth, although we now know that many metals may act synergistically and antagonistically to influence growth limitation or toxicity. Brand et al. ( 1983) have argued that simultaneous limitation by Zn, Mn, and Fe may be more severe than limitation by any one of these metals alone (i.e. synergism). Even more significantly, culture studies have repeatedly demonstrated that the uptake and metabolism of nutrient metal ions is a function of the concentration of other metals, which often act in a competitive or antagonistic manner.
In most cases it is not known whether cornpetition occurs at the cell-surface uptake sites or at intracellular metabolic sites. However, competition at both sites is likely to occur in some cases, because the metalchelating functional groups (such as carboxyl, sulfhydryl, and porphyrin groups) fou.nd in both membrane transport proteins and intracellular enzymes are never completely specific for one metal (Sunda 1988 (Sunda -1989 . Various metal ions may compete for the same binding sites, and the final ratios of lbound metals are determined by relative binding affinities, concentration of sites, free ion concentrations, and complexation kinetics. Only when too much of the "wrong" metal is bound to the transport or metabolic site are toxic effects evident; a well-known example is the replacement of Mg by Cu in chlorophyll (Gross et al. 1970) . When the "wrong" metal outcompetes the required m&al in binding to an active site, the deleterious effects are often manifested as symptoms of deficiency for the required metal. These types of competitive interactions between metals are known as metal antagonisms.
In phytoplankton, such metal antagonisms have been reported for Cu and Mn (Sunda et al. 198 1; Sunda and Huntsman 1983; Murphy et al. 1984; Sunda 1986), Cu and Fe (Murphy et al. 1984) Cu and Zn (Rueter and Morel 198 I) , Cd and Fe (Foster and Morel 19 82; Harrison and Morel 198 3) , Mm and Fe (Murphy et al. 1984; Harrison an'd Morel 1986) , and Mn and Zn . These various antagonistic interactions are shown graphically in Fig. 8 Fig. 9B , is convincing evidence that the free ion concentration ratios of these two metals, not their individual concentrations, can determine the observed biological effects.
It matters little whether we consider the effects observed by Sunda and Huntsman (1983) and others as alleviation of Cu toxicity by high Mn levels or Mn deficiency due to an excess of cupric ions; the net effect is that when free [Cu2+] exceeds a certain critical value the ratios of these two free metal ion concentrations may be more important than the absolute concentration of any one metal.
We can put this example of metal antagonism into an environmental context by comparing Sunda and Huntsman's (1983) data with measurements of [Mn] and [Cu] -72% as free Mn2+ (Byrne et al. 1988) . Surface dissolved [Cu] in this area are 0.5-l nM (Bruland 19&O) (Sunda 1988 (Sunda -1989 . Either or both of these scenarios could result in [Mn2+] : [Cu2+] ratios favorable to growth and reproduction, and they could be among those factors involved in "conditioning" upwelled water (Johnston 1964; Barber and Ryther 1969) Stoecker et al. (1986) observed that, for a given [Zn'+], growth rates decreased with increasing [Cu2+]; this trend was apparent for all free [Zn"] tested between lo-lo and lo-l2 M (Fig. IOA) . If these data are plotted as a function of [Zn2+] :
[Cu2+] ratios as in the last example (Fig.  1 OB) , we again see that North Pacific central gyre surface water ratios (area 1) allow relatively high growth rates (but still not optimum for this neritic species), while 300-m-water ratios (area 2) inhibit growth almost completely. Convergence of growth rates when plotted against free metal ion ratios is additional evidence that metal ratios rather than individual concentrations can have the greatest effect on protozoan reproduction, just as is the case for phytoplankton growth rates.
Although underscoring the necessity of monitoring free ion ratios rather than just individual free ion concentrations when examining growth effects, this example of Zn/ Cu antagonism also incidentally illustrates that metals may have effects on trophic structure and dynamics as well as on phytoplankton growth. If grazing is hypothesized to be a major factor in controlling phytoplankton production in high-nutrient, oceanic environments (McAllister et al. 1960; Frost 1987; Strom and Welschmeyer 199 l) , it is apparent that potential toxic effects of metal ion ratios on heterotrophs must also be considered. Coale (199 1) speculated that enhanced chlorophyll production in Cu addition experiments in the subarctic Pacific could be the result of Cu toxicity to protozoan grazers, and it is apparent that the effects of metal availability and toxicity on the grazing community, although little investigated, could be significant.
These studies raise another biological dilemma-if cyanobacteria make a strong extracellular, L,-type, Cu-complexing ligand, they are probably also benefiting their chief grazers-the protozoans. Another possibility is that the protozoans benefit simply by Stoecker et al. 1986.) inadvertently releasing an intracellular phytochelatin-type ligand into the surrounding seawater when they feed on the phytoplankton, thereby lowering environmental
[Cu2+] to nontoxic levels.
The two examples discussed above suggest that effects of Martin et al. (1989) .
Cu chelator L,. Some cases of primary production limitation apparently due to Fe alone could actually be due to antagonistic effects of Cu and Fe. This explanation is especially difficult to dismiss in incubation experiments in which relatively high Fe concentrations (2 10 nM) have been added (i.e. Menzel et al. 1963; Barber 1973; de Baar et al. 1990; Buma et al. 1991 ). In these cases, hydrous ferric oxides may form and adsorb cupric ions, resulting in substantially lowered free [Cu2+] (Steemann Nielsen and Wium-Andersen 1970; Huntsman and Sunda 1980; Stauben and Florence 1985) . Any observed growth stimulation could be due to alleviation of Cu toxic effects by purely abiotic, chemical adsorption processes occurring in the incubation bottles. Although it is not a true case of a biological metal antagonism, it again emphasizes that metal ratios are critical and must be closely monitored in this type of experimen t. Even in cases where the soluble concentration of Fe has apparently not been exceeded (e.g. Martin et al. 1989 Martin et al. , 1990 , relatively low Fe additions (1 nM) could cause a substantial favorable shift in the [Fe3+] : [Ct.?+] ratio. Proper interpretation of the results of metal addition experiments demands that all potentially interacting trace metals be considered and quantified.
M:ore field data on metal antagonisms are necessary to support or negate hypotheses formed primarily from laboratory studies. The artifacts in this type of study can be deceptive and correct interpretation of their results requires a thorough understanding of both the oceanic chemistry of trace metals and their potential interactions with the biota. Thus, the advancement of our understanding of trace metal influences on oceanic productivity will require a unified collaboration between clever biologists and skillful chemists.
Conclusion
The best evidence from field studies showing the importance of a single trace metal influencing or controlling phytoplan.kton production and (or) species composition in the open ocean is that for the role of Fe in high-nutrient, low-chlorophyll regilmes, as demonstrated by Martin and coworkers. However, here we have presented cases for the possible importance of other bioactive trace metals such as Cu, Mn, Zn, Co, and Ni acting either individually or antagolnistically.
Trace metal ratio effects may complicate the already serious problems associated with contamination artifacts. From examples presented above, it should be clear that a sample contaminated with Fe or Zn, the two most ubiquitous and easily contaminated metals in phytoplankton productivity bottles (J. H. Martin pers. comm.; Martin et al. 199 l) , would not show toxic effects from a small Cu addition to nearly the extent shown by an uncontaminated sample. Trace metal contamination levels (typically 10 nM Fe and Zn) reported for various incubation experiments could easily mask toxic effects by shifting metal ion ratios toward noninhibitory values. Similarly, Cu additions to neritic samples, in which antagonistic metal concentrations and organic complexation are usually high, should have negligible effects compared to the same additions to an uncontaminated oceanic sample with its low These interactions will affect different members of the planktonic community in different ways, leading to potentially large consequences on productivity and species dominance. Thus, the biological roles of all the bioactive metals, as well as their free ion concentration ratios (and thus also their chemical speciation), need to be studied in these oceanic regimes. As Morel and Hudson (1985) hypothesized, a combination of macronutrients and trace metals, some of which are essential while others are toxic, may be simultaneously controlling biological production in the oceans. At the same time, cycling of these elements may be largcly controlled by biological processes. This feedback system between the biological and chemical systems of the ocean may be of utmost importance in controlling and maintaining productivity and influencing species composition in high-nutrient areas of the open ocean. We strongly urge that future investigators studying trace metal controls on plankton productivity consider this type of interactive model in which multiple metals may influence biological communities in ways that are more subtle and complex than has been previously believed.
